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ABSTRACT
Aims. We study the origin of tail-like structures recently detected around the disk of SU Aurigae and several FU Orionis type stars.
Methods. Dynamic protostellar disks featuring ejections of gaseous clumps and quiescent protoplanetary disks experiencing a close
encounter with an intruder star were modelled using the numerical hydrodynamics code FEOSAD. Both the gas and dust dynamics
were taken into account, including dust growth and mutual friction between the gas and dust components. Only plane-of-the-disk
encounters were considered.
Results. Ejected clumps produce a unique type of tails that are characterized by a bow-shock shape. These tails owe its origin to the
supersonic motion of the ejected clumps through the dense envelope, which often surrounds young gravitationally unstable protostel-
lar disks. The ejected clumps either sit at the head of the tail-like structure or disperse if their mass is insufficient to withstand the
head wind of the envelope. On the other hand, close encounters with quiescent protoplanetary disks produce three types of the tail-like
structures, which we defined as pre-collisional, post-collisional, and spiral tails. These tails can in principle be distinguished by pecu-
liar features of the gas and dust flow in and around them. We found that the brown-dwarf-mass intruders do not capture circumintruder
disks during the encounter, while the sub-solar-mass intruders can acquire appreciable circumintruder disks with elevated dust-to-gas
ratios, which can ease their observational detection. However, this is true only for prograde collisions; the retrograde intruders fail to
collect an appreciable gas and dust from the disk of the target. The masses of gas in the tails vary in the 0.85–11.8 MJup limits, while
the total mass of dust lies in the 1.75–30.1 M⊕ range, with the spiral tails featuring the highest masses. The predicted mass of dust in
the model tail-like structures is therefore higher than what was inferred for similar structures in SU Aur, FU Ori, and Z CMa, making
their observational detection feasible.
Conclusions. Tail-like structures around protostellar and protoplanetary disks can act as a smoking gun to infer interesting phenom-
ena, such as clump ejection or close encounters. particular, the bow-shock morphology of the tails could point to clump ejections as
a possible formation mechanism. Further numerical and observational studies are needed to better understand the detectability and
properties of the tails.
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1. Introduction
Protoplanetary disks are an important ingredient of the star and
planet formation process. They form during the gravitational
contraction of prestellar cloud cores and disperse after sev-
eral million years of evolution, often leaving behind a plane-
tary system. While directly observing planet formation is dif-
ficult, several indirect signatures of this process have recently
been identified. For instance, observations from the near-infrared
to millimeter bands in dust continuum and in scattered light
have revealed a variety of disk substructures, such as spiral arcs
and arms, clumps, rings, and gaps (e.g., van der Marel et al.
2013; ALMA Partnership et al. 2015; Pe´rez et al. 2016; Liu
et al. 2016), indicating that protoplanetary disks often do not
have simple monotonically declining surface density profiles.
Theoretical interpretations of these substructures imply a pres-
ence of already-formed massive planets (e.g., Kley & Nelson
2012) or/and physical phenomena at work, such as gravitational
instability or vortices, which can assist planet formation (e.g.,
Dong et al. 2016; Rega´ly et al. 2017).
In addition to a seemingly complicated morphological struc-
ture of protoplanetary disks, the forming protostars also show
a surprisingly tumultuous behavior. Energetic luminosity out-
bursts known as FU Orionis-type eruptions (see a review by
Audard et al. 2014) imply time-varying mass transport rates
through the disk and show that the early evolution of proto-
stars cannot be described by a steady mass accumulation as was
originally thought (Shu 1977). Interestingly, some disk substruc-
tures may be inherently linked to these energetic luminosity out-
bursts. For instance, gravitational instability of massive proto-
stellar disks, manifesting itself through spectacular spiral arms
and clumps, can trigger luminosity outbursts directly via infall
of clumps or indirectly via prompting the magnetorotational in-
stability in the innermost parts of the disk (Vorobyov & Basu
2005; Bae et al. 2014; Meyer et al. 2017). Moreover, Kadam
et al. (2019) demonstrated that gaseous rings forming in the dead
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zones of the inner disk can drift slowly towards the star until
the rising temperature in their interiors triggers the magnetoro-
tational instability and an associated mass accretion burst.
Although the current efforts in the observations of young
protoplanetary disks are concentrated on achieving an ever-
sharper view of the disk substructures, lower-resolution ob-
servations with a much wider field of view can bring about
interesting and unexpected results. For instance, Cabrit et al.
(2006) detected a tail-like structure trailing from the disk of RW
Aurigae A, which they interpreted as a tidally stripped tail of
disk material formed by its companion, RW Aurigae B, during
a close fly-by. They also speculated that a warm CO gas in the
outer disk regions and elevated mass accretion rates were also
a result of close approach. Indeed, close fly-bys of companion,
cloudlets, or intruder stars are known to produce tidal tails and
mass accretion bursts (e.g. Bonnell & Bastien 1992; Thies et al.
2010; Forgan & Rice 2011; Dai et al. 2015; Vorobyov et al. 2017;
Dullemond et al. 2019). The ALMA observations by Rodriguez
et al. (2018) further elaborated the encounter scenario for the
formation of tail-like structure by suggesting multiple fly-bys in
the RW Aurigae system.
Recently, de Leon et al. (2015) and Akiyama et al. (2019)
presented the Subaru-HiCIAO and ALMA observations of
SU Auriage showing that this system also has a tail-like struc-
ture extending from its disk for a thousand au. Several forma-
tion mechanisms, such as close encounters, ejections of gaseous
clumps, and gaseous streams from the molecular cloud remnant,
were proposed based on the morphology and kinematics of car-
bon monoxide in the tail. Interestingly, tail-like structures of
similar extent have also been identified in several FU Orionis-
type objects (e.g., Z CMa, FU Orionis; Liu et al. 2016; Takami
et al. 2018). However, the exact causal link between the tail-like
structures and accretion bursts remains to be understood and is
the subject of our future investigations.
In this work we explore the origin of the tail-like structures
by means of numerical hydrodynamics simulations. In partic-
ular, we focus on two scenarios: fly-bys of an intruder (sub-
)stellar object near an evolved protoplanetary disk and ejections
of gaseous clumps from a young and gravitationally unstable
protostellar disk. We used the Formation and Evolution of Stars
and Disks (FEOSAD) code described in detail in Vorobyov et al.
(2018), modified to include a close encounter with an intruder
star according to the method described in Vorobyov et al. (2017).
Unlike many previous studies of clump ejection and close en-
counters (e.g. Pfalzner 2003; Lodato et al. 2007; Stamatellos &
Whitworth 2009; Forgan & Rice 2010; Cuello et al. 2019), we
also explore the dynamics and growth of the dust component in
the tail-like structure, thus making valuable predictions for fu-
ture observations of dust emission in continuum and scattered
light. The paper is organized as follows. In Sect. 2 we provide a
brief overview of the adopted numerical model. Sections 3 and
4 describe the tail-like structures formed through clump ejection
and close fly-bys, respectively. The main results are summarized
in Sect. 5.
2. Numerical model of a gaseous and dusty disk
To study the origin of tail-like structures we employed the
Formation and Evolution Of a Star And its circumstellar Disk
(FEOSAD) code described in detail in Vorobyov et al. (2018).
The FEOSAD code was further modified in Vorobyov et al.
(2019) to include the effect of back reaction of dust on gas. We
also introduced the central smart cell (CSC) – a simple model for
the innermost disk region which is difficult to resolve in numer-
ical hydrodynamics simulations. A close encounter with an in-
truder star is modelled using the non-inertial frame of reference
centered on the target star. The pertinent equations describing the
gravitational interaction of the intruder with the target star and
its disk were presented in Vorobyov et al. (2017). We refer the
reader to the aforementioned papers for an in-depth description
of the code and provide below only a brief overview.
The starting point of each simulation is the gravitational col-
lapse of a pre-stellar core. The core has the form of a flattened
pseudo-disk, a spatial configuration that can be expected in the
presence of rotation and large-scale magnetic fields (Basu 1997).
As the collapse proceeds, the inner regions of the core spin up
and a centrifugally balanced circumstellar disk forms when the
inner infalling layers of the core hit the centrifugal barrier near
the inner computational boundary. Depending on the task con-
sidered, the radius of the inner boundary can vary from 1.0 au
(collision with an intruder) or 10 au (ejection of a clump from
a gravitationally unstable disk). The outer boundary is usually
set equal to several thousand au. The material that has passed
through the inner boundary before the instance of circumstel-
lar disk formation constitutes a seed for the central star, which
grows further through accretion from the circumstellar disk.
We use a logarithmically spaced grid in the radial direction
and an equally spaced grid in the azimuthal direction. The nu-
merical resolution depends on the problem. When studying col-
lisions with an intruder, the resolution was set to 256 × 256 grid
zones. When studying the ejection of gaseous clumps, the res-
olution was 1024 × 1024 grid zones. A higher resolution in the
latter case is needed to resolve the Jeans length in gravitationally
fragmenting disks. A higher resolution also allows us to resolve
the internal structure of the clumps and avoid their premature
tidal destruction (Vorobyov & Elbakyan 2018).
The main physical processes considered in the FEOSAD
code when modeling the disk formation and evolution include
viscous and shock heating, irradiation by the forming star, back-
ground irradiation, radiative cooling from the disk surface, fric-
tion between the gas and dust components, and self-gravity of
gaseous and dusty disks. The code is written in the thin-disk limit
(r, φ), complemented by a calculation of the gas vertical scale
height using an assumption of local hydrostatic equilibrium as
described in Vorobyov & Basu (2009). The resulting model has
a flared structure (because the disk vertical scale height increases
with radius), which guarantees that both the disk and envelope
receive a fraction of the irradiation energy from the central proto-
star. The mass of the protostar is calculated using the mass accre-
tion rate through the inner computational boundary. The stellar
radius and photospheric luminosity are calculated using the pre-
computed stellar evolution tracks obtained with the STELLAR
code (Yorke & Bodenheimer 2008). The accretion luminosity is
calculated using the model’s known stellar radius, stellar mass,
and mass accretion rate.
In our model, dust consists of two components: small dust
(5×10−3 µm < a < 1.0 µm) and grown dust (1.0 µm ≤ a < amax),
where amax is a dynamically varying maximum radius of dust
grains which depends on the efficiency of radial dust drift and
dust growth rate. Small dust is assumed to be coupled to gas,
meaning that we only solve the continuity equation for small
dust grains, while the dynamics of grown dust is controlled by
friction with the gas component and by the total gravitational po-
tential of the star, gaseous and dusty components. Small dust can
turn into grown dust, and this process is considered by calculat-
ing the dust growth rate and the maximum radius of grown dust
as follows. The small-to-grown dust conversion rate is defined
2
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Fig. 1. Gas surface density maps in the inner 4000 × 4000 au2
box in model E1 (left column) and E2 (right column) at four
different time instances illustrating ejection of clumps from the
disk. The time is counted from the formation of the central star.
as
S (amax) =
1
∆t
Σnd,tot
an+1max∫
anmax
a3−pda
a∗∫
amin
a3−pda
anmax∫
amin
a3−pda
an+1max∫
amin
a3−pda
, (1)
where Σd,tot is the total (small plus grown) surface density of
dust, anmax and a
n+1
max the maximum dust radii at the current and
next time steps, amin = 0.005 µm the minimum radius of small
dust grains, a∗ = 1.0 µm a threshold value between small and
grown dust components, and p = 3.5 describes the distribu-
tion function of dust particles per their size (i.e., N(a) ∼ a−p).
The conversion rate S (amax) enters the continuity and momen-
tum equations for small dust, grown dust and gas, and accounts
for mass and momentum transfer between the gaseous and dusty
subsystems as the disk evolves and dust grows (see for detail
Vorobyov et al. 2018). We note that the conversion rate S (amax)
accounts not only for dust growth, but also for dust fragmenta-
tion if an+1max becomes smaller than a
n
max in a given computational
Fig. 2. Gas surface density maps in the inner 4000 × 4000 au2
box in model E3 at nine evolutionary times. The time is counted
from the formation of the central star. The yellow arrows indicate
the ejected clumps, the parameters of which are listed in Table 2.
cell. The latter can occur if the fragmentation barrier (which lim-
its the dust growth) decreases due to a change of physical condi-
tions in the disk.
The maximum size of dust grains in a given cell on the
Eulerian grid can change not only due to dust growth or frag-
mentation through mutual collisions, but also because of dust
flow through the cell. The evolution of the maximum radius amax
is therefore described as
∂amax
∂t
+ (up · ∇p)amax = D, (2)
where the growth rate D accounts for the change in amax due to
coagulation and fragmentation and the second term on the left-
hand side account for the change of amax due to dust flow through
the cell. up is the velocity of grown dust in the plane of the disk.
To summarize, S (amax) accounts for the conversion of small dust
to grown dust andD describes the dust growth. We note that the
bounds of the small dust component remain fixed. More details
on the dust growth scheme, and in particular on the form of D,
can be found in Vorobyov et al. (2018).
As dust grows, the span in the dust sizes (a∗ : amax) and in
the corresponding Stokes numbers covered by the grown com-
ponent may become substantial. However, we only track the dy-
namics of dust particles with the maximum size by calculating
the stopping time for amax. For the chosen power law of p = 3.5,
most of the dust mass is located at the upper end of the dust
size distribution, meaning that the dust particles of maximum
size are representative for the entire dust mass reservoir. A more
rigorous approach to studying dust dynamics requires the use of
multi-bins with narrower ranges of dust sizes and this model is
currently under development.
In the next sections we show the spatial distributions of
grown dust for some cases, as well as those of gas, which also
3
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corresponds to the distributions of small dust. Grown dust can
be observed at millimeter wavelengths in particular if these parti-
cles grow up to millimeter sizes (e.g., Dong et al. 2016), though
the corresponding millimeter emission would be a function of
temperature as well as the dust mass. It will be our future work
to explore the observability of grown dust in our models. Small
dust grains can be observed in the scattered light at optical and
near-IR wavelengths, however, they are more difficult to observe
at millimeter wavelengths using ALMA due to smaller opacities
(Wood et al. 2002; Birnstiel et al. 2018) and longer on-source
integration times required to achieve signal-to-noise ratios simi-
lar to those of grown dust. For the tails being actually observed
at optical and near-IR wavelengths, these have to be offset from
the midplane of the optically thick disk to receive illumination
from the star. Although we consider clump ejections, intruders
and resultant tails only in the plane of the disk (for which the
tail cannot be easily illuminated by the central star unless the
vertical extent of the tail is larger than that of the circumstel-
lar disk), we believe that the simulated distribution of gas (plus
small dust) would be useful for discussing how we could dis-
criminate the tails formed through different physical processes
using observed morphologies of the tails seen in the optical and
near-IR scattered light.
3. Tail-like structures produced by ejected clumps
The first mechanism for the formation of tail-like structures that
we consider is the ejection of gaseous clumps from a mas-
sive, gravitationally unstable disk. The ejection phenomenon
was first described in Stamatellos et al. (2007), who consid-
ered an isolated massive disk and found that after its fragmenta-
tion the majority of brown-dwarf-mass fragments were releases
into the field by interactions among themselves. We note that
in Stamatellos et al. the fragments were replaced with sink par-
ticles before they were ejected from the disk. The ejection of
gaseous clumps (without introducing sink particles) was studied
in detail in Vorobyov & Basu (2010) and Vorobyov (2016) in the
context of the properties of ejected clumps. It was found that
for the ejection of gaseous clumps to occur two conditions have
to be fulfilled: 1) the clumps must be well resolved on the nu-
merical grid to avoid artificial dispersal during close encounters
and 2) the initial mass and angular momentum of the parental
pre-stellar core must be sufficiently high to form massive and
extended disks (see fig. 1 in Vorobyov 2013). In this work, we
focus also on the characteristics of the tail-like structures formed
in the process of ejection. We also study the dust content in the
ejected clumps and tail-like structures thanks to the dust dynam-
ics and growth module in the FEOSAD code.
We consider three models, the initial parameters of which
are listed in Table 1. These models were chosen so that massive
protostellar disks are produced during the collapse of prestellar
cores, which are capable of triggering clump ejections. Figure 1
in Vorobyov (2013) indicates that the initial masses and ratios of
rotational-to-gravitational energy of the pre-stellar cores have to
be greater than 0.6 M and 0.3%, respectively. The initial sur-
face density and angular momentum distributions of the prestel-
lar cores have the following form:
Σg =
r0Σg,0√
r2 + r20
, (3)
Ω = 2Ω0
( r0
r
)2 
√
1 +
(
r
r0
)2
− 1
 . (4)
Here, Σg,0 and Ω0 are the gas surface density and angular velocity
at the center of the core, r0 =
√
Ac2s/piGΣg,0 is the radius of the
central plateau, where cs is the initial isothermal sound speed
in the core. The initial temperature in the core was set equal to
15 K. This is also the temperature of the external background
irradiation. The dust-to-gas ratio was set to the canonical value
of 1:100 and all dust was initial in the form of small sub-micron
dust grains.
The protostellar disks in our models become gravitation-
ally unstable and fragment in the early stages of their evolu-
tion thanks to continuing mass-loading from infalling parental
cores. The fate of the clumps formed through disk fragmen-
tation depends on complicated and often stochastic processes
in a strongly unstable disk. The gravitational interaction of the
clumps with each other and with the spiral arms can drive the
clumps inward on the star, causing strong mass accretion bursts
(Vorobyov & Basu 2005), or eject them into the interstellar
medium via three-body gravitational interaction (two clumps
plus the central star), producing free-floating objects (Vorobyov
& Basu 2010). Two examples of clump ejection are shown in
Figure 1 for models E1 and E2. The time in the top-right cor-
ner of each panel shows the age of the system counted from the
instance of the central star formation. The disks in both models
are young and massive (0.1–0.2 M), hosting a number of al-
ready formed clumps. It is not easy to measure the size of such
a highly fragmented disk, but a visual estimate suggests that its
radius usually does not exceed several hundreds of au (includ-
ing clumps on closed orbits). The ejected clumps reach a radial
distance of about 1000 au within a few kyrs since their ejection
from the disk, leaving behind a tail-like structure. The veloc-
ity of the ejected clumps in models E1 (at t = 148 kyr) and in
model E2 (at t = 36 kyr) are 1 km s−1 and 1.6 km s−1, respec-
tively. These values are greater than the escape velocity in these
models, ≈ 0.8-0.9 km s−1, meaning that we witness true ejections
rather than scattering to a wider orbit.
The ejections occur mostly in the early unstable stages of
disk evolution, when the disk is still surrounded by the parental
core. As the clumps transverse through the infalling core, they
experience a strong head wind from the surrounding environ-
ment. If we consider the bottom row in Figure 1, the surround-
ing gas surface density is ≈ 0.04 g cm−2 for the clump in model
E1 and ≈ 0.11 g cm−2 for the clump in model E2. The sound
speed is cs = 0.4 km s−1 for model E1 and cs = 0.34 km s−1
for model E2. This means that both ejected clumps move su-
personically, but the clump in model E2 moves with a higher
Mach number through a denser environment than the ejected
clump in model E1. As a result, the ejected clump in model
E2 fully disintegrates at t = 38 kyr, leaving behind a bow-
shock-like structured tail. On the contrary, the ejected clump in
model E1 survives the ejection and continues its outward jour-
ney until it leaves the computational domain. The tail structures
of both ejected clumps show a qualitatively similar bow-shock-
like shape with a dense perimeter and a rarefied inner part. Such
a shape is a result of supersonic motion of the ejected clumps,
which create a bow shock in the ambient gas as they move out-
ward. The bow-shock morphology may be artificially enhanced
in our thin-disk simulations, but observations of face-on and
moderately inclined bow shocks can make a similar effect due
to projection effects.
We note that the clumps in our thin-disk simulations are
necessarily ejected in the disk midplane. This may not be far
from reality because the total angular momentum of the disk is
mostly composed of the z-component, unless strong disk warps
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Table 1. Model parameters
Model Mcore β Tinit Ω0 r0 Σg,0 rout A
[M] [%] [K] [km s−1 pc−1] [au] [g cm−2] [pc]
E1 1.7 0.41 15 1.12 2572 0.07 0.075 1.2
E2 1.2 0.77 15 3.50 1371 0.17 0.040 1.2
E3 1.0 0.77 15 2.58 1474 0.13 0.045 1.2
Notes. Mcore is the initial core mass, β is the ratio of rotational to gravitational energy of the core, Tinit is the initial gas temperature, Ω0 and Σg,0
are the angular velocity and gas surface density at the center of the core, r0 is the radius of the central plateau in the initial core, and rout is the
initial radius of the core.
Table 2. Parameters of ejected clumps
Clump t Mcl Tcl vcl vesc amax Mgr.dust Msm.dust Erot/Egrav ζd2g
[kyr] [MJup] [K] [km s−1] [km s−1] [µm] [M⊕] [M⊕]
F1 44 7.5 54 1.93 0.80 6.99 9.22 14.62 0.029 0.010
F2 49 3.4 17 1.52 0.83 4.23 2.86 6.99 0.294 0.009
F3 58 32.6 107 1.43 0.88 1250 31.14 81.04 0.526 0.011
Notes. Time t when parameters of the clumps were calculated, Tcl and Mcl are the central temperature and the total gas mass of the ejected clump,
vcl is the velocity of the clump, vesc is the escape velocity of the system, amax is the maximum radius of the dust particles inside the clump, Mgr.dust
and Msm.dust are the masses of grown and small dust particles in the clump, respectively, Erot/Egrav is the ratio of rotational to gravitational energy
of the clump, and ζd2g is the total dust to gas mass ratio averaged over the clump extent.
Fig. 3. Gas surface density map in the vicinity of clump F3 at
t = 58 kyr. The color bar is in log g cm−2. The yellow line shows
the Hill radius of the ejected clump. The red contour line outlines
the shape of the clump. The insets in the top-right and top-left
corners show, respectively, the dust to gas mass ratio and the
maximum grown dust size (in log cm) around the clump. The
black arrows show the gas velocity field in the frame of reference
of the clump.
are present. As a consequence, the z-component will also domi-
nate the total angular momentum of the clumps that form in the
disk and the ejection will be predominantly in the disk plane. In
principle, clumps on highly eccentric orbits can turn into clumps
on highly inclined orbits through the Kozai-Lubov effect, lead-
ing to possible off-the-plane ejections. However, we rarely see
clumps on highly eccentric orbits because high eccentricity in
the early stages of disk evolution is damped through the interac-
tion of the clumps with the gas disk.
During the early evolution of model E3, multiple clump
ejections over a time period of several tens of kyr were ob-
served. Here we study in detail three different ejection events.
Figure 2 presents the gas surface density maps in model E3 for
different time instances covering 20 kyr of disk evolution. Each
ejected clump is marked with the yellow arrow and labeled as
F1, F2, and F3 based on the chronological order of ejections. All
the ejected clumps form bow-shock-shaped tail-like structures.
Because of frequent multiple ejections, several tail-like struc-
tures in model E3 can co-exist, making their observational inter-
pretation difficult 1.
The parameters of ejected clumps at a given time instance t
are presented in Table 2. All the ejected clumps have the radial
velocity vcl much higher than the escape velocity of the system
vesc, meaning that the clumps will supposedly leave the system
and become free-floating objects. The ejected clumps are char-
acterized by a variety of gas masses. Clumps F1 and F2 have
total gas masses of 7.5 and 3.4 MJup, respectively, while clump
F3 has a gas mass of 32.6 MJup. These clumps also carry a sig-
nificant dust content in the form of small dust grains, but also
grown dust. The maximum size of grown dust can vary from
several microns to millimeters for the most massive clump. If
these clumps survive ejection (the lowest mass clump, F2, may
not), they may form free-floating giant planets and brown dwarfs
with a near-solar metallicity as indicated by the mean dust to gas
mass ratio ζd2g ≈ 0.009-0.011 (see Table 2).
To obtain a more detailed understanding of the internal struc-
ture of the ejected clumps, we show in Figure 3 the gas surface
density map around clump F3 at t = 58 kyr. Two insets in the
top-left and top-right corners present the close-up views on the
maximum dust size (in log cm) and the total dust to gas mass
ratio (in log units), respectively. The black arrows show the gas
velocity field in the frame of reference of the center of the clump.
The red contour line outlines the shape of the clump as defined
1 The animation of clump ejections in model E3 associated with
Fig. 2 is available at http://astro.sfedu.ru/animations/ejection.mp4.
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Fig. 4. Gas surface density (left column), grown dust surface
density (central column), and maximum dust size (right column)
maps in the inner 3000 × 3000 au2 box for three ejection events
in model E3. The color bars are shown in log scale in g cm−2 and
in cm units. The yellow contour lines in the left column outline
the clump-induced tail-like structures .
by the clump-tracking method described in detail in Vorobyov &
Elbakyan (2018). The yellow circle shows the Hill radius of F3
clump calculated as
RH = rcl
(
Mcl
3(M∗ + Mcl)
)1/3
, (5)
where Mcl is the mass of the clump confined within the red con-
tour line, M∗ is the mass of the central star, and rcl is the radial
distance to the clump from the star. Clearly, the Hill radius cap-
tures the entire clump and part of the tail, although the veloc-
ity field in the tail is indicative of a gradual loss of the swept-
up material. Clearly, the gas inside the clump is characterized
with a strong clockwise rotation around the center of the clump,
while the parental disk from which the clump was ejected rotates
counter-clockwise. This implies that the ejected clump experi-
enced multiple merging events in the disk before being ejected,
which changed its direction of rotation. Dust in the clump inte-
rior grows up to 1 mm in radius, which makes such a clump de-
tectable with ALMA. We note that dust in the other two clumps,
F1 and F2, grows only up to a size of several microns. We also
note that the total dust to gas mass ratio in the center of F3
is 0.011 (not to be confused with the averaged over the clump
ζd2g = 0.009 in Table 2), slightly larger than the canonical 1:100
value, indicating that grown dust drifts towards the clump center
(a natural pressure maximum).
All the ejected clumps in model E3 create distinct tail-
like structures extending for hundreds or even thousands of au.
Below we present the detailed analysis of these structures. Each
row in Figure 4 shows the gas surface density (left column),
grown dust surface density (middle column), and maximum size
of grown dust (right column) in the disk of model E3 at differ-
ent time instances. The time instances were chosen to show the
disk when the ejected clumps, marked as F1, F2, and F3, reach
a radial distance of r ≈ 1200 au from the star. The properties
of these clumps are listed in Table 2. We note that the ejections
occur at 40-50 kyr after the formation of the central star, when
the disk is still embedded and young.
To measure the mass of gas and dust inside the tail-like struc-
tures, we analyze the segments of the disk outlined with the yel-
low contour lines in the left column of Figure 4. It is assumed
that all material in the segments belongs to the tail-like struc-
tures. We note that such an approximation can slightly overesti-
mate the gas mass in the tail-like structures, while the mass of
grown dust, which is dragged by the clump from the disk and
is almost absent in the circumdisk environment, will not be af-
fected. The gas mass, along with the grown, small and total dust
masses inside the tail-like structures, are presented in Table 3.
The gas and dust content of the tails varies by a factor of
three and lies in the 3.5–10.5 MJup and 10.6–31.1 M⊕ limits, re-
spectively. The gas mass of F1 and F3 is smaller than the mass
of the corresponding ejected clumps, while in the case of F2 the
gas mass in the tail is much higher than the mass of the ejected
clump. The total dust to gas mass ratios do not differ notably
from the canonical 1:100 value. We note that clump F3 is quite
massive and easily survives the ejection, losing only small part
of its envelope. Interestingly, the tails are dominated by small
sub-micron dust. On the other hand, the tail-like features look
sharper in grown dust than in gas (and in small dust that follows
gas due to strong frictional coupling). This is because the cir-
cumdisk environment (infalling envelope) lacks grown dust but
is abundant in gas and small dust. A maximum dust size of 0.1-
0.37 mm suggests that these tails may also be detected in the
shortest wavelengths bands of ALMA.
The observational detection of the peculiar bow-shock-type
tails can serve as a smoking gun for clump ejection (and disk
fragmentation) even when the clump itself has dispersed or left
the field of view. Unfortunately, each ejection event is a short-
lived phenomenon. As Fig. 2 demonstrates, the tail-like struc-
ture created by individual clumps start smearing out already af-
ter 5 kyr from the onset of ejection. We note that the tail as-
sociated with FU Ori has ∼ 1300 au in length. Assuming the
velocity of the clump on the order of 1.5 km s−1, its dynamical
age is approximately 4 kyr, which is consistent with our models.
On the other hand, a disk can produce several ejections, which
makes this phenomenon more likely to observe. Still, the inte-
grated lifetime of the tail-structures (several tens of kyr) is only
a small fraction of the initial gravitationally unstable stage of
disk evolution (several hundreds of kyr).
Finally, in Figure 5 we present the gas and grown dust veloc-
ity maps in model E3 superimposed on the gas and grown dust
surface density distributions (top and bottom rows, respectively).
Several time instances were chosen to illustrate the character of
gas (and hence small dust) and grown dust motion in the clump-
triggered tails. Notable outward flows are evident in the tails,
whereas the surrounding medium is generally described by in-
falling motion towards the disk plus star system. This peculiar
character of gas/dust flow can in principle be used to distinguish
the clump-induced tails from other structures, such as large-scale
inflowing streams of gas/dust that may connect a protostellar
disk with a turbulent star formation environment (Padoan et al.
2014).
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Fig. 5. Top row. Gas velocity field superimposed on the gas surface density distribution in model E3 illustrating the gas flow in
and around the clump-triggered tails. Bottom row. Similar to the top row, but for grown dust. The scale bars are in log g cm−2. The
arrows of maximum length correspond to 2.96 km s−1.
Table 3. Parameters of clump-triggered tails
Tail t Mtot Mgr.dust Msm.dust Mgas amax ζd2g
[kyr] [MJup] [M⊕] [M⊕] [MJup] [µm]
T1 44.0 3.49 1.06 9.67 3.46 220 0.0098
T2 48.8 10.52 3.62 27.52 10.42 370 0.0094
T3 57.9 8.41 1.92 25.33 8.32 100 0.0103
Notes. Time t when parameters of the tails were calculated, Mtot is the
total mass of dust and gas in the tails, Mgr,dust and Msm,dust are the
masses of grown and small dust in the tails, Mgas is the mass of gas in
the tails amax is the maximum size of dust in the tails, and ζd2g is the
total dust to gas mass ratio.
4. Tail-like structures produced by close
encounters with a (sub-)stellar object
The second mechanism for the formation of tail-like structures
that we consider is a close encounter with another (sub-)stellar-
mass object. This mechanism was studied in a number of pa-
pers including Pfalzner (2003), which focuses on the long-term
effects of collisions, and Cuello et al. (2019), which is similar to
our study, though we focus mostly on the properties of tail-like
structures. The initial setup for this problem differs from that
considered in Section 3, where we studied the tail-like structures
produced by ejected clumps in young and massive gravitation-
ally unstable disks. In this section, we focus on evolved disks
with an age of ∼ 1.0 Myr, because close encounters with a young
gravitationally unstable disk was studied in detail in Vorobyov
et al. (2017).
The initial disk configuration was taken from our numerical
hydrodynamics simulations of gravitoviscous disks presented in
Vorobyov et al. (2019). In that work, we considered the effect
that the mass transport rate through the central smart cell (CSC)
can have on the global evolution of the entire disk. Following the
notation adopted in Vorobyov et al. (2019), we assume that the
mass accretion from the CSC on the star is a fraction ξ of mass
accretion from the disk to the CSC
M˙∗,csc =
{
ξM˙disk for M˙disk > 0,
0 for M˙disk 6 0.
(6)
The limit of small ξ ≈ 0 corresponds to slow mass transport
through the CSC, resulting in gradual mass accumulation in the
inner disk regions. Slow mass transport through the CSC may
be caused by the development of a dead zone there. The op-
posite limit of large ξ ≈ 1.0 assumes fast mass transport, so
that the matter that crosses the CSC–inner disk interface does
not accumulate in the CSC, but is quickly delivered on the star.
Physically, this means that mass transport mechanisms of similar
efficiency operate in the inner disk and in the CSC. In this work,
we adopt ξ = 0.95. The opposite case will be considered in a
follow-up study focusing on accretion bursts triggered by close
encounters.
We note that resolving the inner disk region in global sim-
ulations using an explicit integrator is extremely computation-
ally costly, because the converging grid lines on the polar grid
(adopted for our simulations) makes the Courant condition on
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Table 4. Model parameters
Model Mtrgdisk,init M
intr
∗,init M
trg
disk,fin M
intr
∗,fin M
intr
disk,fin Rper Intruder
[MJup] [M] [MJup] [M] [MJup] [au]
C1 43 0.04 45.32 0.041 0.129(0.005) 213 brown dwarf
C2 43 0.08 43.55 0.082 1.28(0.02) 208 transitional object
C3 43 0.2 40.2 0.204 4.45 (0.05) 193 very low-mass star
C4 43 0.5 32.67 0.51 5.43(0.1) 159 half-solar mass star
C3r 43 0.2 54.49 0.2001 0.122 (0.0007) 191 very low-mass star
Notes. Mtrgdisk,init is the initial disk mass of the target, M
intr
∗,init is the initial mass of the intruder, M
trg
disk,fin is the final disk mass of the target, M
intr
∗,fin is the
final stellar mass of the intruder, Mintrdisk,fin is the final disk mass of the intruder (the numbers in parentheses show the final total dust mass), and Rper
is the intruder perihelion.
the timestep too stringent. Our solution is to cut out the inner
1 au and replacing it with a single cell. A more sophisticated
approach would be to coarsen the computational grid as it ap-
proaches the star, thus easing the Courant limitation. This ap-
proach has, however, some serious disadvantages, the main be-
ing the problem with a fast and accurate calculation of the gravi-
tational potential on a very irregular grid. We use the FFT trans-
form technique to quickly calculate the gravitational potential on
the polar logarithmic grid (Binney & Tremaine 1987). On a non-
regular grid this will not anymore work, and much slower and
less accurate techniques have to be applied (Murphy & Burrows
2008). We stress that resolving the inner disk regions is indeed a
very nontrivial problem. The introduction of the CSC with a free
inflow-outflow boundary condition allowed us, at the very least,
to get rid of the artificial density drop near the inner boundary,
which may develop if the sink acts only as a one-way valve, al-
lowing for matter to flow from the disk to the sink, but not vice
versa (Vorobyov et al. 2019).
In the model of close encounters presented in Vorobyov et al.
(2017) only mass accretion on the target was taken into account
and mass accretion on the intruder was neglected. In this work,
we also take mass accretion on the intruder into account. In ad-
dition, we calculate the total luminosity of the intruder and con-
sider its input in the total energy budget of the system. More
specifically, we track the position of the intruder on the numeri-
cal grid and determine the grid cell where the intruder currently
resides. We then calculate the net mass increment per time step
in this grid cell (both gas and dust) and assume that this addi-
tional mass is accreted on the intruder at every time step. This
method assumes that the increase in gas and dust mass is caused
exclusively by the gravitational pull of the intruder, which is not
a bad assumption considering that the disk of the target before
the collision was nearly in a steady-state with a mass transport
rate through the disk as low as a few ×10−9 M yr−1.
The total luminosity of the intruder was calculated as the
sum of accretion and photospheric luminosities. The former is
defined as
Lintraccr =
1
2
GMintrM˙intr
Rintr
, (7)
where Mintr is the intruder mass, Rintr the intruder radius, and M˙
the mass accretion rate on the intruder. The photospheric lumi-
nosity of the intruder Lintrphot was calculated using the stellar evolu-
tion tracks of Yorke & Bodenheimer (2008) for the known mass
of the intruder and its fixed age of 1 Myr. The total luminosity of
the intruder is further used to calculate the radiation flux (energy
per unit time per unit surface area) absorbed by the surrounding
material at radial distance rintr from the intruder
F intrirr =
Lintraccre + L
intr
phot
4pi(r2intr + 
2)
cos γirr, (8)
where  is a smoothing factor set equal to the size of the grid cell
where the intruder currently resides and cos γirr is the cosine of
the incidence angle of radiation set equal to 0.025.
In this section, we consider five models, the initial param-
eters of which are listed in Table 4. In particular, we consider
four intruders with different initial masses: M∗,intr=0.04, 0.08,
0.2, and 0.5 M, which correspond to a brown dwarf, a transi-
tional object straddling the brown dwarf–star boundary, a very
low mass star, and a star with mass similar to that of the target.
The mass of the target star is equal to 0.41 M and its value
changes insignificantly during the simulations. All intruders are
initially positioned at 3000 au to the north from the target. The
initial radial velocity is the same and is equal to -2.5 km s−1. The
azimuthal component is equal to 0.2 km s−1 for the models with
prograde collisions (C1, C2, C3, and C4) and -0.2 km s−1 for
the model with a retrograde collision (C3r). All close encoun-
ters are in the plane of the disk of the target, which is explained
by the limitations of our thin-disk models. Off-plane encounters
may introduce another degree of complexity in the morphology
of tail-like structures and will hopefully be the subject of future
studies. The resulting perihelion distances range between 159 au
and 213 au, which is sufficient for the intruder to graze the outer
disk regions and at the same time is not too small to be unlikely
from the statistical arguments (see, e.g., Forgan & Rice 2010).
4.1. Prograde encounters
Figure 6 presents the gas surface density maps in models C1, C2,
C3, and C4 corresponding to four distinctive phases of the colli-
sion: an approaching intruder (top row), a close interaction (sec-
ond row), a receding intruder (third row), and a post-collisional
system when the intruder has left the field of view (bottom row).
The intruder is marked with the star symbol. The target star is
in the coordinate center. The dashed circles in the top row cor-
respond to Σg = 0.1 g cm−2. This value is usually invoked to
set the disk outer edge. In our case the disk lacks a sharp outer
edge because of viscous spreading. On the other hand, the gas
mass located outside of the dashed circle is only 15% of the to-
tal gas mass contained within the shown 5000 × 5000 au2 area.
The dashed circles can therefore be regarded as an approximate
size of the gas disk.
Upon close inspection, we have identified three types of tail-
like structures triggered by the close approach with the intruder:
a pre-collisional tail, a spiral tail, a post-collisional tail. As can
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Fig. 6. Gas surface density maps in the inner 5000×5000 au2 box shown at four distinctive time instances (from top to bottom row)
during a close encounter with an intruder of different mass (from left to right column): 0.04 M, 0.08 M, 0.2 M, and 0.5 M. The
time is counted from the launch of the intruder. The current position of the intruder is indicated with the star symbols. The dashed
circles in the top row correspond to Σg = 0.1 g cm−2 and thus roughly outline the outer disk extent. The scale bar is in log g cm−2.
be expected, the strongest perturbation is created by the most
massive intruder 2. The tail-like structures in this case are also
the sharpest, in contrast to more diffuse structures produced by
low-mass intruders. Below, we consider each type of the tails in
more detail.
Figure 7 shows the spatial distribution of gas, grown dust,
and maximum grain radius (top, middle, and bottom rows, re-
spectively) in models C1, C2, C3, and C4 (from left to right).
Here we focus on the phase after the closest approach when the
intruder starts receding the target. The black and yellow lines
2 The animation of the encounter in model C4 associated with Fig. 6
is available at http://astro.sfedu.ru/animations/encounter.mp4.
outline the positions of the post-collisional tails. These tails are
created by the gravitational pull of the intruder, which captures
and drags along part of the disk material of the target. Clearly,
the tails appear sharper and narrower as the mass of the intruder
increases. The tails stand out clearly against the low density en-
vironment both in gas (also small dust) and grown dust. It is
also evident that sub-solar-mass intruders can capture apprecia-
ble gaseous and dusty disks around them (see Table 4). For in-
stance, the 0.5 M intruder in model C4 can acquire a circum-
intruder disk of 5.43 MJup after a prograde encounter, of which
0.1 MJup is in the form of dust. This means that the captured disk
is overabundant in dust with a dust to gas ratio of ≈ 0.019 as
compared to the canonical 1:100 value.
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Fig. 7. Spatial distribution of gas surface density (top row), grown dust surface density (middle row), and maximal dust grain size
(bottom row) shown for four models: C1 (left column), C2 (2nd column), C3 (3rd column) and C4 (right column). Tails are shown
at 10.3 kyr after the launch of the intruder. The post-collisional tail structures are marked with the black and yellow contour lines.
The star symbols indicate the position of the intruder. The gas and dust surface densities are in log g cm−2, the maximum dust size
is in log cm.
Table 5. Collision-triggered tail parameters
Model Tail type Mtot Mgr.dust Msm.dust Mgas amax ζd2g
[MJup] [M⊕] [M⊕] [MJup] [µm]
T1 C1 post-col 3.57 1.384 6.92 3.55 109 0.0073
T2 C2 post-col 3.83 1.386 6.97 3.81 118 0.0069
T3 C3 post-col 3.6 1.252 6.47 3.57 105 0.0068
T4 C4 post-col 3.18 1.129 5.85 3.16 38 0.0069
T5 C3 spiral 6.71 2.471 12.03 6.67 147 0.0068
T6 C4 spiral 11.88 3.911 21.64 11.8 131 0.0068
T7 C1 pre-col 1.73 0.618 3.08 1.72 21 0.0067
T8 C4 pre-col 0.86 0.196 1.56 0.85 4.2 0.0064
T9 C3r pre-col 3.02 1.068 5.41 3.00 40 0.0068
T10 C3r post-col 3.87 1.460 6.89 3.84 24 0.0068
The parameters of the tails are provided in Table 5, where
T1, T2, T3, and T4 are the post-collisional tail structures with
the total masses from 3.18 MJup to 3.83 MJup. The masses of
dust (small and grown) within the tails are typically 0.6%–0.7%
that of the gas mass, meaning that the tails are depleted in dust as
compared to the canonical 1:100 value. Dust grows up to 118 µm
in T2 and is smaller in other tails. Therefore, it might be pos-
sible to detect the post-collisional tail-like structures similar to
T2 using sub-mm dust continuum observations (e.g., the ALMA
bands 7-10). However, the T4 tail with a maximum dust size of
just 38 µm is unlikely to be detected by ALMA.
The second type of tail-like structures – the spiral tails – are
outlined with the black and yellow contour lines in Figure 8. We
consider only two models C3 and C4, for which this type of the
tail-like structures is most pronounced. These tails are created
by the gravitational pull of the intruder, which perturbs the or-
bits of gas and dust particles in the disk of the target as it flies by.
Differential rotation in the target disk curves the resulting den-
sity wave into a spiral arm. Similar structures are readily formed
in numerical simulations of close encounters with an intruder
star (e.g., Thies et al. 2010). The spiral tails appear sharper in
grown dust rather than in gas, which could be explained by ad-
ditional drift of grown dust toward the center of the spiral arms,
which present natural pressure maxima in the surrounding envi-
ronment.
The parameters of the spiral tails T5 and T6 are listed in
Table 5. The spiral tails are the most massive ones among all the
considered tails. The total masses of T5 and T6 are 6.71 MJup and
11.88 MJup, respectively, of which 14.5 M⊕ and 25.55 M⊕ are in
the form of dust. The tails are depleted with dust with the total
dust-to-gas mass ratios around 0.7%. These tails are also char-
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Fig. 8. Spatial distributions of gas, grown dust, and maximum
dust size (from top to bottom row) in models C3 and C4 (left and
right columns, respectively) at 10.8 kyr after the launch of the
intruder, illustrating the formation of spiral tails outlined with
the black and yellow contour lines. The gas and dust surface
densities are in log g cm−2, the maximum dust size is in log cm.
acterized by the highest values of the maximal dust size, which
are equal to 131 µm and 147 µm for the T5 and T6 tails, respec-
tively. Taking conservative assumptions about the dust temper-
ature (20 K), dust mass opacity at 345 GHz (1 cm2 g−1), and
grown dust surface density of the tails (10−4 g cm−2), the ex-
pected brightness temperature is 20× 1× 10−4 = 2 mK. With 1”
angular resolution, default weather condition (PWV ≈ 1 mm),
and 40 minutes on-source integration we can achieve an RMS
brightness temperature of 0.3 mK in Band 7 (354 GHz), mean-
ing that the spiral-like tails may be detectable by ALMA in the
(sub-)mm-waveband of dust continuum. We note that these esti-
mates and the choice of the ALMA band may be sensitive to the
dust opacity model and to the free parameters of the dust growth
model.
The black and yellow contour lines in Figure 9 highlight the
third type of tail-like structure found in our numerical simula-
tions – the pre-collisional tails – which are created by an intruder
during its approach to the target star. We show only models C1
and C4 as the two limiting cases. The definitive feature of these
tails is a rather small maximum size of dust grains, only a few
microns. These tails are created by sweeping up gas and dust
in the circumdisk low-density environment created by gradual
viscous spreading of the outer disk, where dust has not grown
appreciably compared to the interstellar dust spectrum. Table 5
provides the characteristics of the T7, T8, and T9 pre-collisional
tails. The masses of gas and small dust in these structures are the
lowest ones. For example, the gas mass in T7 is 1.72 MJup and
Fig. 9. Spatial distributions of gas, grown dust, and maximum
dust size (from top to bottom row) at 7.8 kyr after the launch of
the intruder in models C1 and C4 (left and right columns, respec-
tively), illustrating the formation of pre-collisional tails outlined
with the black and yellow contour lines. The gas and dust surface
densities are in log g cm−2, the maximum dust size is in log cm.
the mass of small dust is 3.08 M⊕. The tails are slightly depleted
with dust (the dust-to-gas mass ratios are 0.67% and 0.64% for
T7 and T8, respectively) in comparison to the typical ISM value
of 1%. Moreover, dust grains are characterized by a rather small
size (21 µm in T7 and 4.2 µm in T8), which may make their
detection problematic for the dust continuum observations with
ALMA.
Figure 10 presents the gas and grown dust velocity fields
(top and bottom rows, respectively) superimposed on the cor-
responding surface density distributions in model C1 (left col-
umn), model C3 (middle column), and model C4 (right column).
These models were chosen to illustrate the character of gas and
dust flows in post-collisional tails (left column), pre-collisional
tails (middle column), and spiral tails (right column). The posi-
tion of the intruder is marked with the star symbols. As expected,
the gas and dust flow in pre-collisional and post-collisional tails
follows that of the intruder trajectory – in the former the flow is
directed along the tail toward the disk of the target, while in the
latter the flow is oriented along the tail but away from the disk.
On the other hand, the spiral tails are characterized by a peculiar
velocity pattern that is directed away from the disk of the target
but is simultaneously perpendicular to the tail. This flow pattern
reflects an expansion motion, which is caused by the positive
gravitational torque exerted on the spiral tail by the intruder as
it flies by the disk of the target (see Vorobyov et al. 2017). As a
result, the spiral tail gains angular momentum and expands. We
note that a similar pattern is also seen in the inner parts of the
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Fig. 10. Surface density distributions of gas (top row) and grown dust (bottom row) with the superimposed velocity fields that
illustrate distinctive flows in different types of tail-like structures: post-collisional tails (left column), pre-collisional tails (middle
column), and spiral tails (right column). The cyan and white arrows indicate the velocity fields of gas and grown dust, respectively.
The arrow length is in the log scale. The arrows of maximum length correspond to 4.3 km s−1. The gas and dust color scale bars are
in log g cm−2.
post-collisional tail in model C4. We argue that the distinctive
features of the gas and dust flows in the tails can be in principle
used to distinguish their origin. Synthetic line emission maps of
gas tracers (e.g., CO) are needed to justify our conclusion.
Finally, in Figure 11 we zoom in on two intruders represent-
ing a brown dwarf of 0.04 M (model C1, left column) and a
star of 0.5 M (model C4, right column). The top/bottom rows
show the gas/grown dust velocity fields superimposed on the
gas/grown dust surface density distributions. The purple circles
outline the Hill radii of the intruders. The velocity field is cal-
culated in the frame of reference of the intruder. Clearly, the
intruder star in model C4 captures an appreciable disk with a
mass of approximately 5.4 MJup (see Table 4). The captured disk
shows a distinctive rotational motion around the intruder in the
same direction as the disk of the target. The average total dust to
gas mass ratio in the captured disk is 0.019. However, the max-
imum dust size is only 5.8 µm because the intruder collects the
matter from the outer disk regions of the target, where dust has
not grown appreciably or has drifted towards the disk inner re-
gions. This suggests that such circumintruder disks will remain
almost undetectable in dust continuum with ALMA.
The brown dwarf in model C1 captures only a tiny disk.
In fact, the captured material does not exhibit a rotational mo-
tion around the intruder, as would have been expected for a
Keplerian disk. Instead, the intruder drags behind some of the
material from the target disk. The mass of the captured disk is
only 0.129 MJup with an averaged total dust-to-gas mass ratio of
0.016. This implies that a low-mass intruder would be difficult to
detect in gas or dust tracers and deep photometry may be needed
to infer its presence.
In conclusion, we note that all types of the tail-like structures
considered in this section lack the bow-shock-type morphology,
which is typical of clump-triggered tails. One may think that this
is because the evolved disks considered in the encounter mod-
els do not possess extended envelopes. However, collisions with
young disk plus envelope systems were considered in Vorobyov
et al. (2017). Somewhat surprisingly, we did not observe such
a peculiar morphology in those simulations as well. The reason
for this difference is uncertain and may be partly explained by
different trajectories of the intruder and the clump – the former
flies along a curved path just slightly grazing the disk of the tar-
get while the latter flies almost radially outward through the con-
tracting envelope. We plan to investigate in more detail this dif-
ference in the morphology of the tails in follow-up studies. Here
we only want to note that the bow-shock-type structures can be
indicative of a peculiar type of the tail-triggering mechanism –
clump ejection.
4.2. Retrograde encounter
In this subsection, we compare the results of prograde and ret-
rograde collisions. For this purpose, we launched exactly the
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Fig. 11. Zoomed-in images focusing on the intruders in
model C1 (M∗,intr = 0.04 M, left column) and model C4
(M∗,intr = 0.5 M, right column), respectively. Shown are the
gas (top row) and grown dust (bottom row) surface density dis-
tributions in the 1000 × 1000 au2 area with the corresponding
velocity maps calculated in the framework co-moving with the
intruder. The gas and grown dust velocity fields are shown with
the green and yellow arrows, respectively. The arrow length is
in the log scale. The arrows of maximum length correspond to 2
km s−1. The magenta circles correspond to one-half of the Hill
radius of the intruder.
same intruder as in model C3, but with the opposite azimuthal
velocity. The resulting gas surface density distributions at sev-
eral time instances are shown in Figure 12. In particular, the
left and right columns correspond to the prograde model C3
and retrogade model C3r, respectively. While the pre-collisional
tails look fairly similar, the post-collisional dynamics is remark-
ably different in the considered models. In particular, the ret-
rograde intruder carries almost no disk around it, whereas the
prograde intruder catches an appreciable disk (see also Fig. 11).
Nevertheless, the post-collisional tails in both cases have similar
gas and dust masses. The second row also shows that the retro-
grade intruder does not trigger a spiral tail, however in the sub-
sequent evolution the complicated gas flow distorts the circum-
stellar structure, so that the pre-collisional tail starts resembling
the spiral one.
In Figure 13 we present a comparison of the gas and grown
dust velocity fields in models C3 and C3r. A distinctive feature
of the post-collisional tail in the retrograde model is a converging
flow of gas and dust toward the tail on both sides of the tail, while
in the prograde model the velocity vectors are oriented toward
the tail only on one side. In principle, this peculiar feature can be
used to distinguish between prograde and retrograde collisions.
Finally, we note that the resulting morphology during the
retrograde encounter at t=12 kyr resembles the corresponding
structures seen in the near-IR images of FU Ori shown in Liu
et al. (2016) and Takami et al. (2018). The retrograde encounter
also explains why the disk seems to be centered on FU Ori in-
stead of the more massive component, FU Ori S, – intruders
on retrograde orbits do not capture appreciable circumintruder
disks.
Fig. 12. Prograde and retrograde collision in models C3 (left
column) and C3r (right column) at several consecutive time
instances. Shown are the gas surface densities in the inner
5000 × 5000 au2 box. The position of the intruder is marked
with the star symbols. The scale bar is in log g cm−2.
5. Conclusions and future prospects
In this work we studied numerically the origin of the tail-like
structures recently detected around disks of SU Aur, RW Aur,
and several FU Orionis-type objects. We considered two sce-
narios: an ejection of a gaseous clump from a young disk that
is prone to gravitational fragmentation and a close encounter
of an intruder (sub-)stellar object with an evolved gravitation-
ally stable disk. For this purpose, we used the FEOSAD numer-
ical hydrodynamics code, which considers the mutual evolution
of gas and dust, including gas-to-dust friction and dust growth
(Vorobyov et al. 2018, 2019). The close encounter was modelled
in the plane of the target disk. We found the following.
- Gaseous and dusty clumps with total masses from a few
to few tens of Jupiters can be ejected from young protostellar
disks that are still embedded in the parental cloud cores. As
these clumps transverse through the surrounding gaseous enve-
lope, they create tail-like structures that are characterized by a
bow-shock-like shape with a dense perimeter and a rarefied in-
ner part. Such a shape is a result of supersonic motion of the
ejected clumps, which create a bow shock in the ambient gas as
they move away from the disk. The length of these structures can
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Fig. 13. Gas and grown dust surface density distributions (top
and bottom rows, respectively), together with superimposed ve-
locity fields, in models C3 (prograde collision, left column) and
C3r (retrograde collision, right column). The gas and grown dust
velocity fields are shown with the green and yellow arrows, re-
spectively. The arrow length is in the log scale. The arrows of
maximum length correspond to 2.1 km s−1. The gas and dust
color scale bars are in log g cm−2.
reach a thousand of au or even more. Such a peculiar bow-shock
morphology was not found in other types of the tails.
- The gas mass in the clump-triggered tails ranges from
3.5 MJup to 10.4 MJup, while the mass of dust can amount to
30 M⊕, of which up to 3.6 M⊕ is in the form of grown dust with
a maximum size of 0.37 mm. We speculate that these tails may
be detected in the scattered light or dust continuum observations
in the shortest wavebands of ALMA. Dust in the interiors of the
ejected clumps grows to sizes of up to 1 mm. However, clumps
may be fully disintegrated during the ejection and the tail-like
structures can serve as an indicator of clump ejection from the
gravitationally fragmenting disk.
- Close encounters of a (sub-)stellar object with an evolved
and gravitationaly stable disk can produce three different
types of the tail-like structures: the pre-collisional tails, post-
collisional tails, and spiral tails. These structures are better pro-
nounced and more massive in the case of prograde encounters
than in the case of retrograde ones. Nevertheless, the best re-
semblance with the structure of the circumdisk environment in
FU Ori was found for the case of retrograde encounters.
- The pre-collisional tails are formed when the intruder ap-
proaches the target disk and sweeps up matter in the low-density
circumdisk environment created by a gradual viscous spreading
of the outer disk regions. These types of the tails are least mas-
sive and are characterized by dust sizes that barely exceed a few
microns.
- The post-collisional tails are caused by the passage of the
intruder through the target disk. The intruder tails gravitation-
ally captures and drags behind part of the target disk. These tails
are fairly massive (a few Jupiter masses of gas and several Earth
masses of dust) and are characterized by maximum dust sizes
up to 0.1 mm, making them potentially detectable in the scat-
tered light and probably also millimeter dust continuum emis-
sion. Depending on the mass of the intruder and only in the case
of prograde encounters, an appreciable disk with a well-defined
rotational signatures can also be captured by the target.
- The spiral tails are created by the gravitational perturba-
tion exerted by the intruder on the disk of the target. Differential
rotation curves the perturbation into a spiral arc and the posi-
tive gravitational torque exerted by the intruder causes the arc to
gradually expand and leave the disk of the target (see Vorobyov
et al. 2017). Spiral tails are the most massive ones containing up
to ten Jupiter masses in gas and tenths of Earth masses in dust
with a maximum size of 0.1 mm, which makes this type of the
tails the best candidates for detection in the scattered light and
dust continuum.
- The ejected clumps and the clump-triggered tails are char-
acterized by the total dust to gas ratios that are similar to the
canonical 1:100 value. The intruder-triggered tails are rather
dust-poor with the dust to gas ratios lying in the 0.64%–0.73%
limits. Nevertheless, the total mass of dust in the tail-like struc-
tures lies in the 1.75–30.1 M⊕ range, which is higher than what
was inferred for similar structures in SU Aur, FU Ori, and
Z CMa. The circumintruder disks, on the other hand, are dust-
rich with the dust to gas ratios reaching 1.9%.
- The considered tail-like structures are characterized by pe-
culiar gas and dust flows in and around them, which may help
to distinguished them from each other and from the surrounding
circumdisk environment.
What concerns the observability of the tails, grains of ap-
proximately 0.1–1 mm in size can be best traced by the (sub-
)mm wavelength observations and the tail structures shown by
our simulations can be examined by state-of-the-art facilities
such as ALMA. For instance, the bow-shock-like structure with
a dense perimeter and a rarefied inner part generated by clump
ejection can be observationally analyzed through a combination
of multi-band observations that cover a range of mm/submm in
wavelength and high angular resolution that spatially resolves
the tail structure as demonstrated in SU Aur and RW Aur cases
(Akiyama et al. 2019; Rodriguez et al. 2018). Multi-band ob-
servations can produce a so-called spectral index map or β-
map, which is helpful in inferring the dust size distribution
(Pavlyuchenkov et al. 2019).
Polarization observations also help identify grain sizes.
Kataoka et al. (2017) estimated the grain sizes in a protoplan-
etary disk around HL Tau through the polarization pattern taken
in several wavelengths. If dust grains align in one direction or
of uniform shape in the tail, grain size can be derived by ex-
amining the polarization vectors in the tail structure in several
wavelengths. Small dust grains with sizes of 0.1–1 µm can be
inferred through molecular emission of for example CO in (sub-
)mm wavelengths, as well as through the near infrared scattered
emission. CO is generally optically thick and thus suitable for
detecting a thin component in the tail, such as surface of the tail,
which is helpful for visualizing the tails outline.
To further discuss the actual detection of the tails described
above, we need to consider the effects of dust surface density,
emissivity or scattering albedo, beam filling factor of the ob-
servations, and detection limits of the facilities. This would be
the subject of our future work, similar to what has recently
been done by Cuello et al. (2019). Finally, we note that we
have not considered the entire possible spectrum of impact pa-
rameters, intruder velocities, and disk parameters of the target.
The intruder may also posses a disk and collisions with starless
cloudlets are also feasible. This should also be the subject of fu-
ture investigations.
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